The assembled bacterial ribosome contains around 50 proteins and many counterions. Here, focusing on rRNA from the large ribosomal subunit, we demonstrate that Mg 2+ causes structural collapse in the absence of ribosomal proteins. The collapsed rRNA forms many native-like RNA-RNA interactions, similar to those observed in the assembled ribosome. We assayed rRNA structure by chemical footprinting in the presence and absence of Mg 2+
Introduction
Cations accumulate around RNAs and facilitate folding.
1,2
Monovalent cations promote formation of RNA secondary structure (2 structure). Mg 2+ is oen necessary for adoption of native states, characterized by long-range tertiary interactions. Mg 2+ can increase local RNA density and rigidity by packing RNA functional groups in its rst coordination shell. Ribosomal structure is maintained by complex networks of rRNA-rRNA, rRNA-protein and rRNA-cation interactions.
3,4 Mg 2+ is required for peptidyl transferase activity of the ribosome. 5 Over a hundred Mg 2+ ions are observed in the X-ray structure of the large ribosomal subunit (LSU) of H. marismortui.
3,6
The LSU contains four dinuclear Mg 2+ complexes 7 and over 20 bidentate Mg 2+ clamps.
8
Nucleotides that directly contact Mg 2+ are dispersed throughout the 2 structure, in all seven domains of the LSU rRNA (Fig. S3 †) .
Focusing on the LSU, we infer roles of Mg 2+ in the formation of native rRNA structure, and determine the degree to which rRNA sequence governs folding in the absence of ribosomal proteins (rProteins). We investigate collapse of rRNA from a 2 structural state in the presence of Na + alone into a compacted state upon addition of Mg 2+ . We characterize rRNA folding at nucleotide resolution in the absence of rProteins, 5S rRNA, or base modications.
Results and discussion

Chemical footprinting
We assayed rRNA folding by comparing footprinting data obtained in the presence and absence of Mg 2+ . SHAPE (Selective 2 0 -Hydroxyl Acylation analyzed by Primer Extension) provides quantitative information about nucleotide exibility and base pairing.
9 SHAPE was used previously to characterize 2 and tertiary interactions in crystalline P4-P6 domain of the tetrahymena ribozyme.
10 SHAPE has been performed previously on intact yeast ribosomes 11 and deproteinized E. coli, C. difficile, and H. volcanii rRNAs.
12
Comparison of SHAPE data collected under various conditions can be used to characterize structural transitions. SHAPE has been used previously to monitor RNA structural transitions induced by cations, small molecules, or proteins.
9, 13 We have previously utilized this technique to monitor Mg 2+ -induced transitions of domains and subdomains of LSU rRNA.
14-16
Here SHAPE was performed, in the absence and presence of Mg 2+ , on the intact 2900 nt T. thermophilus 23S rRNA (LSU rRNA . Negative values (blue) indicate decreased reactivity. Grey; data not available for those nucleotides. Domain numbers and helix numbers are indicated. Methods are described in the ESI † and full numeric SHAPE data are available in ESI † Dataset 1. This figure was generated using RiboVision; a full-page version with greater detail is provided in the ESI (Fig. S4 † Relationships between DMg 2+ sites and local and tertiary interactions are illustrated in Fig. 2 and 3 . Helix 74 (H74), which lies at the functional and structural core of the LSU, contains DMg 2+ sites consistent with formation of native tertiary interactions ( Fig. 2A and B) . In the assembled LSU, H74 interacts with RNA from Domain 0 (D0), DII and DV, in addition to Mg 2+ ions to form a portion of the LSU functional core, the peptidyl transferase center. DMg 2+ sites in H74 correlate with nucleotides involved in tertiary interactions that connect DV to distant nucleotides of D0 and DII (ESI †) that are remote from H74 in the primary and 2 structure. Formation of these tertiary interactions would necessarily cause collapse of the global RNA structure, decreasing the radius of gyration, as previously observed upon addition of Mg 2+ to the LSU rRNA. Fig. 2C and D) . The uL1 protuberance extends from the exterior of the LSU and interacts with rProtein uL1. 24 The loop regions of the uL1 protuberance become unreactive to SHAPE upon introduction of Mg 2+ (Fig. S2 †) . In the same way, virtually all DMg 2+ sites in the LSU ions. Gray boxes on intact 2 structure (right) highlight the region displayed on the left. Three dimensional figures were generated with PyMol using the T. thermophilus ribosome (PDB entries 2J00 and 2J01). rRNA occur at or adjacent to nucleotides involved in tertiary interactions in the assembled LSU (Fig. 3) (Fig. 2E ). In the assembled ribosome, long-range inter-domain tertiary interactions connect disparate 2 regions of LSU rRNA. 4 Mg 2+ has been implicated previously in facilitating these interdomain contacts, 6 whereas moderate monovalent cation concentrations induce 2 structure only. 25 SHAPE results here support formation of 12 out of 14 native domain pair interactions ( Fig. 2E and A role for rProteins is suggested by RNA-RNA interactions that appear to be absent from the rRNA-Mg 2+ state. These absent interactions occur at or adjacent to regions of native rRNA interaction with rProteins uL2, uL3, uL4, uL15, uL16 and bL20 (Table S6 †) . Based on this, we suggest that these rProteins foster formation of certain inter-domain RNA-RNA interactions in the assembled ribosome. Five of the six genes coding for these rProteins (uL2, uL3, uL4, uL16, and bL20) are essential for survival, 26 and all six rProteins exhibit strong interconnectivity in LSU assembly maps. The correlation between functional and structural importance of this set of rProteins implies that the interactions they mediate foster formation of the active, native LSU. It appears that the rRNA-Mg 2+ state represents the core architecture of the LSU which, while not catalytically active, 27 positions the residues of the LSU rRNA in such a way as to promote native interactions with rProteins to ultimately form a functional LSU.
Conclusions
The LSU rRNA interacts in vivo with the 5S rRNA and over 30 LSU proteins. 4 Our experiments involve in vitro-transcribed LSU 
23
Virtually all aspects of ribosome structure and function involve Mg 2+ to some degree. 28 Ribosome function can survive signi-cant deproteinization, but is completely abolished upon exposure to divalent cation-chelating compounds. 5 We suggest that Mg 2+ is crucial to the formation of local interactions, interdomain contacts and core LSU architecture. When the assembled LSU is depleted of Mg
2+
, this core architecture is lost, resulting in dissociation of domains and their unfolding, and loss of ribosomal function. Our results support a model in which the LSU rRNA requires only Mg 2+ to fold to a well-dened, collapsed near-native state, and elements such as rProteins induce local structural changes that foster formation of the remaining interactions to form a fully catalytic LSU. This model is consistent with the ndings of Woodson and coworkers, who used chemical footprinting and molecular dynamics simulations of the small ribosomal subunit to show that ribosomal proteins dampen rRNA uctuations at subdomain interfaces and cause switching of conformation of select regions of the rRNA.
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